In-situ observation was performed with X-ray diffraction technique using synchrotron radiation to reveal growth behavior of the Fe-Zn intermetallic compounds, the and 1 phases, at the initial stage of galvannealing process. The galvanized sample and electroplated sample were used in the observation. The diffraction peak profiles were successfully obtained at intervals of 1 second with heating the sample, and the growth of the Fe-Zn intermetallic compounds was observed dynamically. In the galvanized sample including a small amount of aluminum in the coating, there was an incubation period of 7 seconds before the 1 phase started to grow. The thickness estimated with the peak intensity of the 1 phase increased in proportion to the square root of heating time when the incubation period was taken into account. In the electroplated sample including no aluminum in the coating, the thickness of phase increased in proportion to the square root of heating time. The 1 phase started to grow as soon as the phase occupied the entire coating. The thickness of the 1 phase also increased in proportion to the square root of heating time. These results suggest that that the growth behavior of the 1 phase at the initial stage of galvannealing is dominated by the interdiffusion between Fe and Zn, neither by interfacial reaction nor by autocatalytic reaction whether the coating contains aluminum or not.
Introduction
Since a small amount of aluminum was added in molten zinc bath in the industrial galvanizing process in order to inhibit growth of the Fe-Zn intermetallic compounds in the bath, it is very important to understand the effect of aluminum in zinc coating on the growth behavior of the Fe-Zn during hot-dip galvanizing process. The inhibition mechanism has been understood that the Fe-Al layer formed at the interface between zinc coating and steel substrate as soon as the substrate was immersed in the bath, and the layer inhibits the Fe-Zn reaction between the zinc coating and the steel substrate. 1, 2) Growth behavior of the Fe-Al layer depends on the temperature and aluminum concentration in the bath. 3, 4) The Fe-Al layer also causes the occurrence of outburst structure, where the Fe-Zn layer has many cracks and liquid zinc penetrated. 5, 6) It has been reported that the outburst structure effects on the growth behavior of Fe-Zn at the initial stage of galvannealing; 7, 8) the Fe-Zn layer grows linearly with heating time at the initial stage, and then the growth of the thick Fe-Zn layer follows the parabolic law. 7) Furthermore, a similar result has been obtained in the experiment of galvannealing process. 8) However, the growth behavior of the Fe-Zn during galvanizing or galvannealing process has been observed by static analyses such as a cross-sectional observation of the coating with an optical or electron microscope, and a measurement of iron contents in the coating using the samples quenched after annealing. In these analyses, it is very difficult to understand the growth behavior in detail because those reactions occur in a short period. Therefore, a rapid detection, i.e., ''in-situ observation'' system is required to follow those reactions dynamically. The in-situ observation using X-ray diffraction method is a very useful technique to identify the Fe-Zn intermetallic compounds and to quantify their growth in the coating. In order to perform the in-situ observation of the growth behavior of the Fe-Zn in the coating, penetration length of X-ray and time definition of detector are important factors because it is necessary to observe the whole of coating having 10$20 mm thickness, and to observe the rapid reaction. Although it is an easy way for achieving good time definition of detector to increase the intensity of source, it is very difficult for a conventional Xray source to obtain enough intensity for the in-situ observation. Therefore, synchrotron radiation, which has higher energy and higher intensity than those of the conventional X-ray source, is necessary for the in-situ observation as an X-ray source. Recently, some synchrotron radiation experiments applied to an observation of the Fe-Zn reaction has been reported. [9] [10] [11] In this study, the in-situ observation of the growth of the Fe-Zn intermetallic compounds in the zinc coating during galvannealing process was performed with X-ray diffraction method using synchrotron radiation. In the experiment, a time dependency of diffraction profiles was detected quantitatively with galvanized samples including aluminum in the coating and electroplated samples including no aluminum in the coating. The growth behavior of the 1 and phase in the coating at the initial stage of the galvannealing process was discussed with the quantitative results of their growth. Furthermore, the effect of aluminum in the coating on the growth behavior was also discussed.
Experimental Procedure

Preparation of zinc plated samples
Two kinds of samples were prepared in this study, one had a zinc coating containing a small amount of aluminum and the other had a pure zinc coating. They were plated by means of a galvanizing method and an electroplating method, hereafter; they are called the galvanized sample and the electroplated sample, respectively. The cold-rolled interstitial-free (IF) steel sheets were used as substrates. The chemical composition of the IF steel is shown in Table 1 .
They were annealed at 1053 K in the 10%H 2 -N 2 atmosphere just before the galvanizing or the electroplating. The galvanizing was conducted with dipping the steel sheets in a molten zinc bath containing 0.13 mass% Al and saturated with iron, for 1 second at 733 K, using a hot-dip galvanizing simulator. The dipped steel sheets were cooled in a N 2 atmosphere at the cooling rate of 5 K/s. The electroplating was conducted with the electrolyte solution containing 400 g ZnSO 4 Á7H 2 O and 75 g Na 2 SO 4 in 1 dm 3 of water. The pH of the solution was adjusted to 2 by adding H 2 SO 4 . A plate of zinc was used as an anode. The current density was 1000 Am À2 . The samples had the zinc coatings of 10 mm in thickness. They were stamped out to be disks of 14 mm in diameter. One side of the disk was polished to remove the coating.
2.2
In-situ X-ray diffraction measurement with synchrotron radiation The synchrotron radiation experiments were performed at BL19B2 in SPring-8. Figure 1 shows a schematic illustration of the in-situ observation system. The infrared heater designed for the observation was mounted on the 8-axes goniometer of diffractometer. The sample was laid on a quartz holder its coating side down in the sample chamber filled with N 2 gas, and was heated from its polished side. The sample temperature was measured at the upper surface and the lower surface. Taking account of the thickness of the coating and the necessary resolution of the scattering vector, the wavelength of X-ray was chosen to be 0.0443 nm. The size of incident X-ray was 5 mm in width Â 0.1 mm in height. An incident angle of the X-ray was kept 5 degrees from the surface of the specimen. An imaging plate (Fuji Film, BAS-MS2040: 50 mm/pixel) was used as a sensitive 2D X-ray detector to obtain a time dependence of diffraction profiles. A receiving slit of 2.5 mm width was mounted in front of the imaging plate. In order to obtain diffraction profiles every second, the imaging plate was scanned at 2.5 mm/s during the measurement. The exposed imaging plates were read out with an IP-reader (Fuji Film, BAS2500) after waiting for 30 minutes with taking a fading effect into account. 12) 2.3 Estimating method of thickness of Fe-Zn intermetallic compound From the several cross sectional observations of zinc coating using samples quenched in water during galvannealing process, it has been understood that the Fe-Zn intermetallic compound grows from the vicinity of the interface between zinc coating and steel substrate as shown in Fig.  2(a) . Therefore, the effect of absorption of X-ray should be taken into account in the estimation of thickness of the Fe-Zn intermetallic compound. Although the Fe-Zn layer has roughness in a microscopic viewpoint, the layer can be considered to be a uniform layer in macroscopic viewpoint such as X-ray diffraction method. Therefore, the layered structure model shown in Fig. 2 (b) was used in the estimation.
The intensity ratio of diffracted X-ray from the Fe-Zn layer is expressed by the following equation:
where, the l 0 is the full thickness of coating. The I D ðlÞ is the intensity of diffraction peak obtained from the composition 2 whose thickness has l. The 1 and 2 are linear absorption coefficients of the composition 1 and the composition 2, respectively. The volume density of the Fe-Zn in the layer was assumed to be constant. The is expressed as follows,
Here, the 1 is the angle between the incident X-ray and the surface of the sample, and the 2 is the angle between the diffracted X-ray and the surface. With the eq. (1) and (2), the I D ðlÞ obtained from the composition 2 is converted to its thickness l. In the galvannealing process, it is known that the Fe-Zn intermetallic compounds such as (FeZn 13 ) and 1 (FeZn 7 or FeZn 10 ) phases. 13) Although the linear absorption coefficient of the compound depends on its chemical composition, the coefficients for zinc and these Fe-Zn compounds were in the range from 108.9 to 110.1 cm À1 . In this study, it was assumed that they had the same linear absorption coefficients, and the coefficient for the phase (109.3 cm À1 ) was used. Figure 3 shows the diffraction profile image recorded on an imaging plate during heat treatment at 733 K. The temperature profile of the sample is also shown in the figure. The heating rate up to 733 K was 15 K/s after the zinc coating fully melting. The diffracted X-ray was indicated as black lines on the image. The 200-diffraction peak of -Fe obtained from the steel substrate was observed through the measurement. Therefore, the diffraction profile includes information about the entire zinc coating under this experimental condition. Since image intensity on an imaging plate has a linear relationship with intensity of irradiated X-ray, the peak intensity in the diffraction profile can be quantitatively obtained from the image intensity. Figure 4 shows the diffraction peak profiles extracted from the diffraction profile image. The time indicated in the figure started as soon as the zinc coating fully melted. A change of the diffraction peaks were successfully observed every second. Since the background noises in the peak profiles were on a very low level, weak diffraction peaks were well detected. In the profiles, no diffraction peak of the phase was observed, and the 330-diffraction peak of the 1 phase was observed during the heat treatment. Figure 5(a) shows a relationship between the intensity of the 330-diffraction peak and the heating time. The intensity was normalized with the maximum of the peaks. No diffraction peak of the 1 phase was observed within 7 seconds after the zinc coating fully melted. This period is called an incubation period (t inc ). It is considered that the Fe-Al interfacial layer (Fe 2 Al 5 or FeAl 3 ) causes the incubation period was because it inhibits the interdiffusion of iron and zinc between the zinc coating and the steel substrate.
Results and Discussion
Galvanized coating
1,2) Figure 5 (b) shows a relationship between estimated thickness of the 1 phase and the heating time. It was found that thickness of the 1 phase increased in proportion to the square root of heating time when the incubation period was taken into account. Therefore, the thickness (l) is expressed by the following equation:
where the k (mm 2 s À1 ) is a growth rate constant, and the t is a heating time. The growth of the 1 phase was well fitted with the growth rate constant of 15.89 mm 2 s À1 and the incubation period of 7.0 s. Figure 6 shows the comparison of growth behavior of the 1 phase in the coatings of 10 mm and 30 mm in thickness. 11) Although there is a little difference in the growth rate and the incubation period, the thickness of the 1 phase in both the coatings is plotted on the same parabola, approximately. This result suggests that the growth behavior of the 1 phase always follows parabolic law during galvannealing process.
The above results contradict the results proposed by Yamaguchi and Hisamatsu. 7) They measured iron quantity in the coating during immersion in the molten zinc bath including various aluminum contents, and discussed the dependence of growth behavior of Fe-Zn on the aluminum content with the relationship between the iron quantity and the immersion time. They concluded that the outburst structure grows linearly with heating time at the initial stage of galvannealing process when the molten zinc bath including a small amount of aluminum and that the growth of the thick Fe-Zn layer follows the parabolic law. However, their results of the iron quantity at the initial stage follows the parabolic law when the incubation period is taken into account just as mentioned in this study since they also found the incubation period in the growth of the Fe-Zn. Therefore, it is concluded that the growth behavior of the 1 phase in the coating including a small amount of aluminum is dominated only by the interdiffusion between Fe and Zn atoms, neither by the interfacial reaction nor by the autocatalytic reaction, at the initial stage of galvannealing process. Figure 7 shows the diffraction profiles obtained from the electroplated sample during heat treatment at 733 K. The heating rate up to 733 K was 15 K/s after the zinc coating fully melting. In the profiles, the À312-diffraction peak of the phase and the 330-diffraction peak of the 1 phase were observed. Figure 8(a) shows variations of the À312-diffraction peak intensity of the phase and the 330-diffraction peak intensity of the 1 phase. The diffraction peak of the phase appeared as soon as the zinc coating fully melted. No diffraction peak of the 1 phase was observed within 6 seconds after the zinc coating fully melted. Thus, an incubation period in the growth of the 1 phase was observed even in the electroplated sample. When the diffraction peak of the 1 phase appeared, the intensity of the diffraction peak of the phase was just about to reach to the maximum. The intensity of the phase decreased with increasing of the peak intensity of the 1 phase. This suggests that the 1 phase starts to grow as soon as the phase occupies the entire coating. time. The thickness of the phase increased in proportion to the square root of heating time. The thickness of the 1 phase also increased in proportion to the square root of heating time when the incubation period was taken into account. The growth rate constant of the 1 phase (16.35 mm 2 s À1 ) agreed well with that in the galvanized sample. Therefore, it is considered that these growth behaviors during the galvannealing process are dominated by the interdiffusion between Fe and Zn atoms. This behavior is consistent with the results of the measurement of iron content and thickness of the FeZn intermetallic compounds in the zinc coating in published reports. 7, 14) Figure 9 shows a comparison of growth behavior of the and 1 phases between the coatings of 10 and 30 mm in thickness.
Pure zinc coating
11) As shown in Fig. 9(a) , the growth rate of the phase was independent of the thickness of the coating, and the thickness of the phase saturated at 12$13 mm in the 30 mm coating sample. On the other hand, growth behavior of the 1 phase depended on the thickness of the coating as shown in Fig. 9(b) . The growth rate of the 1 phase in the 10 mm coating sample is larger than that in the 30 mm coating sample. The incubation period in the growth of 1 phase also depended on thickness of the coating. This suggests that existence of the phase affects the growth of the 1 phase in the zinc coating. Figure 10 shows a relationship between the total thickness of Fe-Zn intermetallic compounds and heating time in the 10 mm and that in the 30 mm coating. The total thickness in both the coatings is plotted on the same parabola, approximately. This indicates the growth rate of the entire Fe-Zn intermetallic compounds is independent of the thickness of the coating. Therefore, the thickness of the coating contributes to the phase distribution between the phase and the 1 phase in the Fe-Zn intermetallic compound layer. According to the binary phase diagram of Fe-Zn system, liquid zinc, , 1 and À (À 1 ) phases exist on steel substrate with layered structure during the heat treatment although the À phase was not observed in the heating period in this experiment. Since the phase has the largest interdiffusion coefficient in these compounds, 13, [15] [16] [17] it grows prior to others. It is considered that the prior growth of the phase causes the delay in the growth of 1 phase. Furthermore, it is also considered that the concentration gradient of iron and zinc in the phase influences the growth rate of the 1 phase.
Conclusions
In this study, in-situ observations of the growth behaviors of the Fe-Zn intermetallic compounds, the and 1 phases, in zinc coating were performed by synchrotron radiation. The obtained results were as follows:
(1) The diffraction peak profiles were successfully obtained at intervals of 1 second with heating the sample, and the growth of the Fe-Zn intermetallic compounds was observed dynamically. (2) In the galvanized sample including 0.13 mass% Al in the coating, the diffraction peak of the phase was not observed during the heat treatment. An incubation period of 7 seconds in the growth of the 1 phase was observed. The thickness estimated with the peak intensity of the 1 phase increased in proportion to the square root of heating time when the incubation period was taken into account, at the initial stage of galvannealing process. (3) In the electroplated sample including no aluminum in the coating, the thickness of the phase increased in proportion to the square root of heating time. An incubation period was also observed in the growth of the 1 phase, and the 1 phase was observed 6 seconds later after the zinc coating fully melted. The thickness of the 1 phase also increased in proportion to the square root of heating. These results suggest that the growth behavior of the 1 phase always follows parabolic law, and is dominated by the interdiffusion between Fe and Zn, neither by interfacial reaction neither by autocatalytic reaction whether the coating contains aluminum or not, even at the initial stage of galvannealing process. 
